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Abrupt shape transition at neutron number N = 60: B(E2) values in 94,96,98Sr from fast γ -γ timing
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Lifetimes of low-lying yrast states in neutron-rich 94,96,98Sr have been measured by Germanium-gated γ -γ
fast timing with LaBr3(Ce) detectors using the EXILL&FATIMA spectrometer at the Institut Laue-Langevin. Sr
fission products were generated using cold-neutron-induced fission of 235U and stopped almost instantaneously
within the thick target. The experimental B(E2) values are compared with results of Monte Carlo shell-model
calculations made without truncation on the occupation numbers of the orbits spanned by eight proton and eight
neutron orbits and show good agreement. Similarly to the Zr isotopes, the abrupt shape transition in the Sr
isotopes near neutron number N = 60 is identified as being caused by many-proton excitations to its g9/2 orbit.
DOI: 10.1103/PhysRevC.95.054319
I. INTRODUCTION
It is well known that the ground states of the Sr isotopes
with proton number Z = 38 and the Zr isotopes (Z = 40)
show an abrupt change from a spherical structure at neutron
number N = 58 to a strongly deformed structure at N = 60.
In a spherical shell-model approach, this phenomenon was
first explained by the fact that once the neutron νg7/2 orbit
is being filled, the proton subshell suddenly disappears due
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to the νg7/2-πg9/2 interaction [1]. In a Nilsson approach, the
phenomenon was explained by strongly interacting proton and
neutron Nilsson orbits ([2] and references therein). For the
neutrons, the down-sloping ν1/2−[550] and the ν3/2−[541]
intruder orbits, both resulting from the spherical h11/2 orbit,
drive the deformation. Meanwhile, the extruder ν9/2+[404]
orbit stabilizes the deformation parameter at a saturation level
of about β = 0.4. On the other hand, for the protons, the down-
sloping π1/2+[440] and the π3/2+[431] orbits, originating
from the spherical g9/2 orbit, are fully occupied at Z = 38
and Z = 40, again at a deformation parameter of about 0.4.
These proton intruder orbits have a large spatial overlap with
the neutron intruder orbits, creating a minimum in the binding
energy at β = 0.4. At N = 60, the effective single-particle
energy of the deformed configuration is lower than that of
the spherical one and the deformed configuration becomes the
ground state. Thus, the sudden onset of the deformation can
be explained at least qualitatively in connection to the proton
g9/2 orbit.
In principle, a shell-model calculation can reproduce shape
transitions, however, its application encounters some limits
in the size of the calculation (the largest dimension reaches
3.7×1023 for the Zr isotopes). Recently, a large-scale Monte
2469-9985/2017/95(5)/054319(7) 054319-1 ©2017 American Physical Society
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FIG. 1. γ -ray transitions in Sr isotopes as observed after neutron-
induced fission of 235U using the EXILL&FATIMA spectrometer,
which was installed at a cold-neutron guide of the ILL reactor. The
relative γ -ray intensities are indicated by the widths of the transition
arrows. The isotopic yields for thermal-neutron-induced fission of
235U are taken from Ref. [13].
Carlo shell-model (MCSM) calculation has been carried out
for Zr isotopes in the N = 50–70 region without truncation
of the model space [3]. Level energy and B(E2) values were
obtained within a single framework in good agreement with
experiments, depicting the abrupt shape transition at N = 60
as a consequence of type II shell evolution involving many
proton particle-hole excitations to the g9/2 orbit [3,4]. Let
us briefly explain the type II shell evolution. We start with
the usual (type I) shell evolution, where some single-particle
orbits (for example the proton 1f7/2-1f5/2 splitting) change
their energies due to the occupancy of other particular orbits
(neutron 1g9/2 orbit, in the present example). This happens
when more neutrons or protons are added (neutrons in 1g9/2,
in the present example) and implies an evolution in shape
across different nuclei as a function of N or Z. The driving
forces to this change are tensor and central forces. Type II
shell evolution is due to the same kind of nuclear forces, but
the occupancies are changed not by the addition of neutrons
(or protons) but by particle-hole excitations within the same
nucleus. In the above example, the neutron 1g9/2 orbits can
contain more neutrons by creating holes in the pf shell. By
choosing optimum orbits for holes, similar effects can occur in
the proton orbits (further reduction of the proton 1f7/2-1f5/2
splitting due to holes in the neutron 1f5/2 orbit, in the
present example). Such changes of single-particle energies can
enhance the deformation in appropriate cases if rather many
particle-hole excitations occur. Thus, type II shell evolution is
often connected to the sudden onset of large deformation or
the coexistence of different shapes. Detailed explanation on
the type II shell evolution are given in Ref. [4], particularly
with Fig. 1, while discussions with concrete cases can be found
in Ref. [3] for Zr isotopes and in Ref. [5] for Ni isotopes.
We have performed fast-timing experiments on 94,96,98Sr
isotopes using the LaBr3(Ce) detectors of the FATIMA Col-
laboration and part of the EXOGAM array at the PF1B neutron
guide of the Insitut Laue-Langevin (ILL) in Grenoble, France.
The advantage here is that prompt γ rays of neutron-induced
secondary fission fragments are measured, allowing us to
access information on excited states of about 100 exotic nuclei
within a single experiment. γ rays feeding and decaying from
excited states have been used for direct electronic lifetime
measurements of these states. Highly precise lifetime results
have been obtained using this EXILL&FATIMA spectrometer
by means of centroid (i.e., the center of gravity of a γ -γ
time distribution) measurements [6–11]. Partial level schemes
of neutron-rich Sr isotopes with γ rays as observed using the
EXILL&FATIMA spectrometer are shown in Fig. 1. We would
like to present MCSM calculations on these even-even Sr
isotopes with a focus on the shape transition at N = 60 (98Sr)
and compare the results with experimental values derived in
this work. The results are also compared with other theoretical
models based on the density functional theory [12].
II. EXPERIMENTAL SETUP, METHODS, AND RESULTS
To access nuclear excited states of neutron-rich fission frag-
ments, prompt-fission γ -ray spectroscopy experiments using a
mixed array consisting of eight EXOGAM Clover-Ge and 16
LaBr3(Ce) detectors have been performed at the ILL within the
EXILL&FATIMA campaign. The mixed array was installed
at the exit of the collimation line of the cold-neutron guide
PF1B [14,15] of the ILL reactor. The collimated cold-neutron
beam 12 mm in diameter provided a flux of 108 neutrons per
second and cm2 at the target position to induce fission in 235U.
0.675 mg UO2 was sandwiched between two 25-μm thick
Be backings, in order to stop the fission fragments within the
target in a few ps. While the good energy resolution of the Ge
detectors allows for precise selection of a triple γ -γ -γ cascade,
the excellent timing performance of the LaBr3 detectors is
used for time-difference measurements between the γ rays
feeding and decaying from an excited state in the 10 ps
to 10 ns region using analog time-to-amplitude converters
(TACs). Time-stamped data has been acquired and sorted off
line to provide Ge-LaBr3-Ge events for coincidence analysis
and Ge-LaBr3-LaBr3-TAC events for lifetime determination.
More information on the digital data acquisition system, the
fast-timing electronics setup and the sorting procedures can be
found in Ref. [16].
In a first step of the analysis, the Ge-LaBr3-Ge events are
used to investigate for good Ge and LaBr3 gates, i.e., narrow
energy windows set on full-energy peaks (FEPs), which allow
us to unambiguously disentangle the cascade of the nucleus
of interest out of the rather complex prompt-fission γ -ray
spectrum. Most importantly, the Ge plus LaBr3 doubly gated
LaBr3 coincidence spectrum should be clean, meaning that
no other γ rays contribute to the second FEP of the γ -γ
cascade to be measured with the LaBr3 detectors for lifetime
determination. Such a coincidence analysis is illustrated in
Fig. 2 for the case of the 21+ state in 96Sr. The Ge coincidence
spectrum with Ge gate on the 61+ → 41+ 674-keV transition
presented in Fig. 2(a) shows strong transitions in the cascade
belonging to 96Sr and also many other transitions, which may
belong to other nuclei. However, the FEP of the 41+ → 21+
transition at 978 keV is clean and is also clearly seen in the
Ge-gated LaBr3 coincidence spectrum as a single peak. The
advantage of using a clean LaBr3 gate is depicted in Fig. 2(b).
The Ge(674)-LaBr3(978) doubly gated Ge coincidence
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FIG. 2. (a) Ge-gated coincidence spectra out of triple
Ge-LaBr3-Ge events showing transitions in 96Sr. The LaBr3 coin-
cidence spectrum is plotted in red. Part of the 96Sr level scheme
is shown in Fig. 1. (b) Ge plus LaBr3 doubly gated coinci-
dence spectra. The LaBr3 coincidence spectrum is generated using
Ge-LaBr3-LaBr3-TAC events (projection of LaBr3-TAC matrix). The
coincidence time window is 120 ns.
spectrum is dramatically improved; the FEP of the 21+ → 01+
815-keV transition dominates and no other γ ray, which could
contaminate the FEP in the LaBr3 coincidence spectrum and
falsify the lifetime determination, is close to it.
The second step of the analysis is to generate Ge-LaBr3
doubly gated LaBr3-TAC matrices [(Estart,t) and (Estop,t)] to
produce γ -γ time-difference spectra. Here, the time differ-
ences delivered by the TACs of the setup are superimposed
independent of the detector-detector combination only by
distinguishing between the start and stop detectors. This proce-
dure generates two independent fast-timing-array time spectra
depending on whether the decay transition of the γfeeder-γdecay
cascade provided a stop signal (the delayed time spectrum)
or a start signal (antidelayed) as described in more detail
in Refs. [16–18]. According to the generalized centroid
difference (GCD) method and assuming no background contri-
butions, the measurement of the relative time shift between the
centroids (first moment of a time distribution) of the delayed
and the antidelayed time spectra of a γ -γ cascade provides the
centroid difference and corresponds to [17]:
CFEP = Cdelayed − Canti−delayed = PRD + 2τ, (1)
where PRD is the prompt response difference, which de-
scribes the linearly combined γ -γ time-walk (zero-time vs
energy) characteristics of the complete fast-timing array.
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gates:
start−stop
978−815
(delayed)
exp.Δ
815−978
(anti−delayed )
C      = −11(6) ps
 1
 10
 100
co
un
ts
 p
er
 1
0 
ps
t [ns]
FIG. 3. Experimental time-difference spectra of the Ge(674)-
gated 978–815 keV γ -γ cascade in 96Sr including background
contributions. The spectrum plotted in red corresponds to the
antidelayed time-difference distribution.
The GCD method has several advantages, such as
its mirror-symmetric representation: C(Efeeder,Edecay) =
−C(Edecay,Efeeder), which translated into the (C,Eγ )
representation corresponds to:
Cfeeder(Edecay) = −Cdecay(Efeeder)
and PRDfeeder(Edecay) = −PRDdecay(Efeeder). (2)
The subscript “feeder” indicates the reference energy, thus the
centroid difference is defined at the energy of the decay γ ray
relative to the energy of the feeding γ ray. This transformation
is done, as the shape of the PRD curve in the Eγ representation
does not change. Only a parallel shift is obtained dependent on
the reference energy, where the PRD curve crosses the energy
axis. As a consequence, the PRD for any energy combination
is derived from the PRD(Eγ ) curve using [16]:
PRD(Edecay,Efeeder) = PRDfeeder(Edecay) − PRDfeeder(Efeeder).
(3)
The mirror symmetry provides additional PRD data, e.g.,
PRDfeeder(Efeeder) = 0, for a precise determination of the
PRD(Eγ ) curve [18]. Using a standard 152Eu source and
the neutron-capture reaction 48Ti(n,γ )49Ti, the PRD curve of
the fast-timing array including the electronics setup has been
determined for the energy region of 0.04–6.8 MeV [16]. The
precision δPRD expressed as two standard root-mean-squared
deviation (2σ ) of the PRD determination is reported to be
δPRD = 7ps [16].
In Fig. 3, the delayed and antidelayed time-difference
spectra are presented as obtained by setting a 20-keV wide
gate on the 21+ → 01+ 815-keV FEP of the projection of
the Ge(674)-LaBr3(978) gated LaBr3-TAC matrices [see also
Fig. 2(b)]. The result presented in Fig. 3 needs a time correction
related to the contribution of the time-correlated Compton
background, which lies underneath the two FEPs of the
γfeeder-γdecay cascade. In order to minimize possible systematic
errors, the experimental centroid difference Cexp. is corrected
using:
CFEP = Cexp. + 12 (tcor.(Efeeder) + tcor.(Edecay)), (4)
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FIG. 4. (a) Determination of the background time response
(online red) at 815 keV for correction using Eq. (4). The peak-to-
background ratio P/B was determined from the LaBr3 projection
shown in Fig. 2(b). The black curve represents the PRD curve (FEP
time response). The data point presented in black corresponds to
Cexp.. (b) Same analysis as in (a), but for the contribution related
to the background underneath the FEP of the feeding transition
at 978 keV [delivered by the Ge(674)-LaBr3(815) doubly gated
LaBr3-TAC matrices]. The final result of τ = 9(6) ps for the 21+
state in 96Sr is obtained using Eqs. (4) and (1) with PRD(978,815) =
−23(7)ps.
where CFEP corresponds to the centroid difference related to
FEP vs FEP events only. The time corrections are obtained as
follows:
tcor. = Cexp. − CBG
P/B
. (5)
CBG is the time response of the background and P/B is the
peak-to-background ratio of the considered γ ray. All these
values are derived using the two Ge-LaBr3 gated LaBr3-TAC
matrices. While P/B is obtained using the projection shown
in Fig. 2(b), the background time response needs to be
interpolated by generating time spectra using gates set in the
background at different energies. The latter is done for energies
that are higher than the Compton edge of the considered FEP.
As illustrated in Fig. 4, the background timing analyses are
performed with regard on the FEPs of the feeding and the
decaying transition of the γfeeder-γdecay cascade. Here, and for
visualization, the centroid difference as defined in Eq. (1) is
used for both analyses instead of Eq. (2). Therefore, the PRD
TABLE I. Mean lifetimes in even-even Sr isotopes determined
from prompt-fission data of the EXILL&FATIMA experiment on
235U. The corresponding fission yields are taken from Ref. [13]. The
lifetimes τLit. given in literature were derived by β-γ fast timing after
β− decay of the according Rb parent nuclei [19,20] or by safe Coulex
excitation [21].
Nucleus State τ τLit. Reference
(yield [%]) J π ps ps
94Sr 21+ 10(5) 10(4) [19]
(4.51) 41+ 9(6)  6.1 [19]
61+  10 – –
3−1  9  7.1 [19]
96Sr 21+ 9(6) 7(4) [19]
(3.57) 5(1) [21]
41+ 10(7) – –
(61+)  12 – –
98Sr 21+ 4.0(2) ns 4.01(12) ns [20]
(0.81) 4.03(11) ns [21]
41+ 121(11) 115(9) [20]
115(7) [21]
61+ 16(9) 12(1) [21]
curve in Fig. 4(b) is inverted in order to be consistent with
Eq. (1). Also, the PRD curve is shifted in parallel to cross the
energy axis at the reference energy, i.e., at 978 keV in Fig. 4(a).
The final lifetime uncertainty is derived as follows:
δτ = 12
√
(δCexp.)2 + (δtcor.)2 + δPRD2, (6)
whereby, δtcor. corresponds to the mean error of the two time
corrections. The contribution related to the P/B uncertainty is
negligible. The final lifetime result and the related uncertainty
given in Table I correspond to the mean values of the results
obtained using different reference energies. Similar analyses
were made for lifetime determination of the 41+ and (61+)
states in 96Sr. Only an upper limit could be derived for the
(61+) state.
Lifetimes of low-excited states in 94Sr and 98Sr could also
be determined and are given in Table I. Due to a higher
production yield, the related larger peak-to-background ratio
and the ability of selecting several different Ge gates (e.g., set
on the 377-keV and 458-keV transitions in the complementary
fission partner 140Xe), the results for 94Sr given in Table I are
the most precise. One example for the lifetime determination
of the 21+ state in 94Sr is shown in Fig. 5. This example
demonstrates the need for investigation of the time response
of the two background components as, in general, the two
components have different time responses, which can lead to
time corrections with different values and even with opposite
signs in certain cases.
The lifetime determination of the first 2+ state in 98Sr is
illustrated in Fig. 6. Here, the 289–144 keV γ -γ cascade pro-
vides a two-component time-difference spectrum. As can be
seen in the LaBr3 projection of Fig. 6(a), the background events
are about three times larger than the FEP events at 144 keV.
From this, one can deduce that the large fast component is due
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FIG. 5. (a) Doubly gated coincidence spectra showing the
837-keV 21+ → 01+ transition in 94Sr. (b) Experimental time-
difference spectra of the 1309–837 keV γ -γ cascade. (c) and
(d) Background timing analyses for lifetime determination of the
21+ state in 94Sr using Eqs. (1), (4), (5). With PRD(1309,837) =
−53(7)ps, it follows: τ = 9(5)ps.
to the detection of background events. This is also confirmed
by the 289–180 keV background time-difference spectrum
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FIG. 6. (a) Doubly gated coincidence spectra showing the
144-keV 21+ → 01+ transition in 98Sr. (b) Experimental time-
difference spectrum of the 289–144 keV γ -γ cascade (sum of the
delayed and the inverted and aligned antidelayed time spectra). The
background time spectrum (black) was generated by setting a gate in
the background at 180 keV [see (a)] and is shown for comparison.
The slow component results from FEP detection and represents the
decay of the first 2+ state.
presented in Fig. 6(b). In such cases, the slow component
can be used to obtain the lifetime directly by fitting the slope
of the decay using an exponential function (slope method).
Only, the uniformly distributed random background needs to
be determined and fixed as a constant prior to the fit. The error
here corresponds to the 2σ deviation, where 1σ is taking into
account for a possible systematic error related to the choice of
the fit region and the level of the random background.
In Table I, our HPGe-gated γ -γ fast-timing lifetime
results are compared with values derived using different
experimental techniques. All these results are consistent within
the experimental uncertainties.
III. DISCUSSION
Using the measured lifetimes, the yrast B(E2) values are
given in Table II together with predictions of four quite
different theoretical models. The Monte Carlo shell-model
(MCSM) calculations were done for the description of the
three Sr isotopes using the interactions given in Ref. [3]
and taking into account model spaces made out of eight
proton and eight neutron configurations. Beyond mean-field
054319-5
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TABLE II. Experimental and theoretical B(E2) values of yrast states in Sr isotopes around N = 60.
Nucleus State B(E2; J π → J π − 2) B(E2)MCSM B(E2)IBMCM B(E2)D1S B(E2)SLy4
J π [e2b2] [e2b2] [e2b2] [e2b2] [e2b2]
94Sr 21+ 0.020+20−7 0.030 0.044 0.061 0.054
41+ 0.003+5−1 0.040 0.056 0.118 0.092
61+ > 0.008 0.004 0.048 – 0.132
96Sr 21+ 0.025+51−10 0.107 0.062 0.087 0.072
41+ 0.009+21−4 0.001 0.082 0.178 0.116
(61+) > 0.049 0.341 0.101 – 0.332
98Sr 21+ 0.261+15−13 0.250 0.196 0.146 0.274
41+ 0.329+32−27 0.356 0.325 0.299 0.404
61+ 0.335+188−120 0.390 0.411 0.404 0.453
calculations based on the density functional theory using
the Gogny-D1S interaction in a five-dimensional collective
Hamiltonian (D1S) were done by Delaroche et al. [22,23] and
their results were recently compared with new experimental
data in 96,98Sr [21]. Similar calculations using the SLy4
force are taken from Ref. [24], where this force in contrast
to the PC-PK1 force was able to reproduce the sudden
onset of deformation in the Sr isotopes. Interacting boson
model calculations with configuration mixing (IBMCM) using
Hartree-Fock-Bogoliubov calculations based on the Gogny-
D1M energy density functional were recently done for all
even-even Ru, Mo, Zr, and Sr isotopes [25].
The MCSM predictions for the level schemes of the
94,96,98Sr isotopes are shown in Fig. 7. Since the rapid shape
transition in these isotopes is caused by type II shell evolution
[3,4] leading to shape coexistence of different forms, the
spherical, prolate, oblate, and triaxial characters of the states
are indicated in this figure. In Table II the theoretical B(E2)
values are given. The effective charges used in the new
MCSM calculations are ep = 1.3e and en = 0.6e, the same
ones that were determined from the global fit to the Zr
isotopes [3]. The overall trend in the data is well reproduced.
Especially, the rapid change of the ground-state property at
N = 60, interpreted as an oblate to prolate quantum phase
transition, and the strong prolate deformation in 98Sr are very
well described by the MCSM. Remarkably, the very small
B(E2; 4+ → 2+) in 96Sr is calculated as forbidden transition
between prolate and oblate states. However, the similarly very
small B(E2; 4+ → 2+) in 94Sr is overestimated by the MCSM.
Better agreement might be obtained by further calculations
taking into account experimental data of other Sr isotopes and
by fine tuning the calculations.
Of the three models based on density functional theory,
the one using the SLy4 force is closest to the data. Similarly
to the MCSM predictions, it is able to describe qualitatively
the sudden onset of deformation in 98Sr, although the B(E2)
values of this isotope seem slightly overestimated. This model
also gives a picture of an oblate to prolate shape transition
from 96Sr to 98Sr. For the other two calculations (IBMCM
and D1S) a more gradual phase transition results with largely
underestimated B(E2; 2+ → 0+) value in 98Sr.
IV. CONCLUSION
Seven lifetimes and three lifetime limits were measured
for the yrast states in the 94,96,98Sr isotopes using the EX-
ILL&FATIMA γ -ray spectrometer to perform fast electronic
timing on fission products produced after cold-neutron capture
in 235U. For the known cases given in literature, the results
are consistent within the experimental uncertainties. A new
lifetime result for the 41+ state in 96Sr and new upper limits
for the 61+ state in 94Sr and 96Sr could be determined. The
deduced B(E2) values are compared to state-of-the-art Monte
Carlo shell-model calculations and confirm that the quantum
FIG. 7. Comparison between level schemes from MCSM calculations and experimental values for the lowest two excited Iπ = 0+,2+,4+,6+
states in 94,96,98Sr. Oblate (prolate) deformed states are given in blue (red) and triaxial ones in purple. The experimental data are taken from
Refs. [21,26].
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phase transition occurs also in Sr isotopes similarly to the
Zr isotopes at N = 60, as a consequence of the type II shell
evolution involving many proton particle-hole excitations to
the g9/2 orbit from the pf shell. A comparison with three
published energy density functional based calculations yields
the best agreement when using the SLy4 force. The two models
indicate for an oblate to prolate shape transition from 96Sr
to 98Sr.
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